Steroid receptors regulate transcription by recruiting coactivator complexes to target gene promoters. Coactivators recruited by ligand-bound nuclear receptors (NR) include members of the SRC family of coactivators, such as SRC-1, SRC-2 (TIF2/GRIP1), and SRC-3 (pCIP/RAC3/ACTR/AIB1/TRAM1) (32) . These proteins serve as adaptors that potentiate the transcriptional activity of different NRs through conserved motifs termed NR boxes (15) . Motifs within the receptor-interacting domain of SRCs have been demonstrated to determine coactivator preferences for specific NRs, while the transcriptional activation domains of SRCs mediate interactions with histone acetyltransferases (HATs) (1, 46, 48) . Biochemical studies and protein-protein interaction screens suggest that these proteins function as components of large multiprotein complexes (37) , indicating a mechanism for the integration of inputs from multiple signaling pathways.
Although members of the homologous SRC family possess limited functional redundancy, accumulating evidence suggests that SRCs also play distinct roles in biological processes (4, 13, 25, 32, 49) . These functional differences could result in part from the preferential recruitment of coactivators induced by ligands (6, 34) . SRC-1 and SRC-2 have been reported to exhibit similar, but not identical, binding preferences to nine different NRs. For example, the androgen receptor binds well to SRC-2 but poorly to SRC-1 (11) . The molecular basis of NR preferences for coactivators is linked to the structure of the ligand-binding domain of NRs and their concomitant specificity for individual NR boxes (9, 11, 31, 35, 48) . For instance, the vitamin D receptor and estrogen receptor beta interact with different alpha-helical NR boxes, as in SRC-3 (27) . The differences in affinity for NR box 2 or 3 of SRC-2 by glucocorticoid receptor (GR) and thyroid receptor (TR) ligand-binding domains provide additional evidence for underlying specific receptor-coactivator interactions (9) . Furthermore, these contacts are sensitive to conformational changes induced by distinct ligands or DNA binding (26) .
Despite all these reports, the precise assembly of coactivators and components of coactivator complexes required for physiological nuclear receptor function are not well understood. Since the functions of components of coactivator complexes appear to be distinct (21) , it is likely that transcription factor-specific differences in configuration and content within the coactivator complex dictate acetyltransferase activities that bring about histone modification and further transcriptional regulation. An intriguing question involves the physiologic contexts under which coactivator utilization is determined by different NRs. We have approached this question with the hypothesis that specific NR-coactivator interactions exist in cells and generate distinct regulatory patterns in differing signaling contexts. We explored the hypothesis by studying coregulator assembly on a mouse mammary tumor virus (MMTV) promoter that is both progesterone and glucocorticoid responsive.
The actions of GR and PR have been extensively studied in an effort to understand how ligands for either receptor can elicit distinct biological activities when both steroid receptors act on the same common hormone responsive element (HRE) (2, 10, 23) . One of the mechanisms by which GR or PR activity could be achieved is differential interactions with transcriptional coregulators, which further direct downstream events during transcription. A T47D cell line with stably integrated MMTV-chloramphenicol acetyltransferase (CAT) reporter (24) was used to test our hypothesis. Since all these analyses have been performed on a single promoter in a single cell line, cell-specific and promoter-specific effects can be minimized.
In this work, we demonstrate coactivator specificity for PR or GR as well as the effect that initial receptor-coactivator interactions have on the assembly of subsequent cofactors on the MMTV promoter. Upon steroid treatment, both PR and GR were recruited to the MMTV promoter and induced transcription of MMTV-CAT. PR selectively recruited SRC-1 and CBP, resulting in acetylation of K5 on histone H4. GR preferentially associated with SRC-2, which subsequently recruited pCAF, leading to specific histone modification of histone H3. Studies using RNA interference further substantiate an important role of SRC-1 in PR function and of SRC-2 in GR function. Taken together, this study elucidates differential mechanisms by which distinct nuclear receptor-coactivator interactions mediate diverse signaling events on the identical gene under physiological conditions in nontransfected cells.
MATERIALS AND METHODS
Reagents. Antibodies used in this study anti-PR (H-190), anti-GR (H-300), anti-SRC-1 (M-341), anti-RAC3 (C-20), CBP (A-22), and p300 (N-15) (Santa Cruz Biotechnology, Inc., Santa Cruz, Calif.); anti-TIF2 (T73620) (BD Biosciences, San Diego, Calif.); anti-acetyl-histone H4 (K5), anti-phospho-Histone H3 (Ser 10), anti-dimethyl-histone H3 (K9), and anti-acetyl-histone H3 (K14) (Upstate Biotechnology, Lake Placid, N.Y.); anti-polymerase II (MMS-126R; Covance, Richmond, Va.); and anti-TRAP220 (generated in this lab), anti-BRG-1 (Weidong Wang, National Institute on Aging, National Institutes of Health, Baltimore, Md.), and anti-pCAF (41) .
Chromatin immunoprecipitation. Chromatin immunoprecipitation (ChIP) analyses were performed by following a modified procedure based on previously described protocols (3, 5, 41) . The T47D/CAT0 cell line was grown in Dulbecco's modified Eagle medium (DMEM) supplemented with 10% charcoal-dextran stripped serum for 3 days. Cells with 90% confluence (ϳ1 ϫ 10 8 ) were treated with dexamethasone (10 Ϫ8 M), progesterone (10 Ϫ8 M), or R1881 (10 Ϫ9 M; NEN Life Sciences Products, Boston, Mass.) for 1 h. Cells were washed once with phosphate-buffered saline (PBS), pH 7.4, and fixed with formaldehyde (1% final concentration) for 10 min at room temperature; cross-linking was terminated upon addition of glycine (0.125 M final concentration). Cells were then rinsed twice with cold PBS, collected, and swollen on ice in 20 volumes of nuclei preparation buffer [5 mM piperazine-N,NЈ-bis(2-ethanesulfonic acid) (PIPES; pH 8.0)-85 mM KCl-0.5% Nonidet P-40, supplemented with 1ϫ protease inhibitor cocktail (Roche, Mannheim, Germany)] for 30 min. Nuclei were collected by microcentrifugation and resuspended in 300 l of ChIP lysis buffer (50 mM Tris-HCl [pH 8.1], 1% sodium dodecyl sulfate [SDS], 10 mM EDTA, 1ϫ protease inhibitor cocktail), followed by incubation on ice for 20 min. Samples were then sonicated on ice four to six times for 10 s each (duty output, 30%; duty cycle, 90%), followed by centrifugation for 10 min. The chromatin solution was diluted 10-fold with dilution buffer (20 mM Tris-HCl [pH 8.1], 1% Triton X-100, 2 mM EDTA, 150 mM NaCl, 1ϫ protease inhibitor cocktail). The chromatin preparation was precleared with 80 l of salmon sperm DNA-protein A/G-agarose (Upstate Biotechnology, Lake Placid, N.Y.) and 20 l of preimmune serum. Chromatin complexes were then incubated with 5 to 10 l of specific antibodies and rotated at 4°C overnight. Immune complexes were collected with 40 l of protein A/G-agarose with agitation for 1 h at 4°C. A supernatant fraction (20 l) from reaction mixtures lacking primary antibodies was saved as an input control and processed in parallel with the eluted immunoprecipitates beginning at the cross-link reversal step. Immunoprecipitates were sequentially washed for 5 to 10 min in wash buffer I (20 mM Tris-HCl [pH 8.1], 2 mM EDTA, 0.1% SDS, 1% Triton X-100, 150 mM NaCl), wash buffer II (20 mM Tris-HCl [pH 8.1], 2 mM EDTA, 0.1% SDS, 1% Triton X-100, 500 mM NaCl), wash buffer III (0.25 M LiCl, 1% NP-40, 1% deoxycholate, 1 mM EDTA, 10 mM Tris-HCl [pH 8.1]), and TE buffer (three times). Washed beads were extracted with 50 l of elution buffer (1% SDS, 100 mM NaHCO 3 ) three times. The elution was combined in one tube, and the protein-DNA cross-linking was reversed by incubation at 65°C for 4 h. Each sample was treated with 15 g of proteinase K (Gibco BRL, Grand island, N.Y.) in proteinase K buffer (50 mM Tris-HCl [pH 8.5], 1% SDS, 10 mM EDTA) for 2 h at 45°C. The DNA was purified with the QIAquick PCR purification kit (Qiagen, Valencia, Calif.) and eluted in 50 l of elution buffer. Total input samples were eluted in 100 l of elution buffer and diluted 1:10 before PCR analysis. Each PCR mixture contained 6 l of immunoprecipitate or input, 0.5 M each primer, 0.4 mM deoxynucleoside triphosphate mixture, 1ϫ Titanium Taq PCR buffer (Clontech, Palo Alto, Calif.), and 1ϫ Titanium TaqDNA polymerase (Clontech) in a total volume of 25 l. The primers for the MMTV promoter were as follows: forward, 5Ј-TAT GGT TAC AAA CTG TTC TTA AAA CGA GGA TG-3Ј; reverse, 5Ј-GCA AGT TTA CTC AAA AAT CAG CAC TCT TT-3Ј. PCR was performed for 26 to 29 cycles with 1 min of denaturing at 94°C, annealing at 62°C, and extension at 68°C. PCR results were analyzed by agarose gel (1.5%) electrophoresis.
Cell culture and transient transfection of siRNA. T47D-CAT0 (human breast cancer) cells were routinely maintained in DMEM supplemented with 10% fetal bovine serum and 0.2 mg of Geneticin/ml (G418; Sigma). Prior to transfections, 3 ϫ 10 5 cells per well of a six-well multiplate were grown overnight until reaching 50 to 60% confluence. Cells were then washed with phenol red-free DMEM three times and supplemented with 1 ml of phenol red-free DMEM containing 5% dextran-coated charcoal-stripped fetal bovine serum. For each well, 15 l of TransIT-TKO transfection reagent (Mirus, Madison, Wis.) was premixed with 200 l of Opti-MEMI (Gibco BRL) serum-free medium for 15 min. Synthesized small interfering RNA (siRNA) (Dharmacon Research, Inc., Lafayette, Colo.) duplexes sufficient for 100 nM final concentrations per well were added to the diluted TransIT-TKO reagent and incubated at room temperature for 15 min. The transfection reagent-siRNA mixture was added dropwise to the cells with gentle rocking and incubated for 48 to 72 h. For optimal results, a combination of two SRC-1 siRNAs at 50 nM each was utilized, namely, siRNA 1a (5Ј-AAC ACG ACG AAA UAG CCA UAC-3Ј) and siRNA 1b (5Ј-AAG UGA UGA CUC GUG GCA CUG-3Ј). The siRNA sequence for SRC-2 is 5Ј-AAG UCA GAU GUA UCC UCU ACA-3Ј. The siRNA sequence for SRC-3 is the same as previously described (40) . Transfection efficiency was monitored by fluorescencelabeled luciferase siRNA (Dharmacon Research, Inc.), which also served as a negative control.
In vitro mRNA synthesis and microinjection of Xenopus oocytes. The Flagtagged full-length SRC-1, SRC-2, and SRC-3 cDNAs cloned in pSP64 [poly(A)] vector (28) were linearized with a unique restriction enzyme cutting 3Ј to the poly(A) site. The digested DNA was purified with phenol-chloroform extraction and ethanol precipitation. The in vitro synthesis of mRNA was then carried out with an SP6 Message Machine kit from Ambion (Austin, Tex.), following the manufacturer's instructions. The preparation and microinjection of Xenopus stage VI oocytes were performed essentially as previously described (28) . Diluted mRNA solutions containing approximately 100 ng/l were injected into the cytoplasm of stage VI oocytes (ϳ25 nl/oocyte). The injected oocytes were incubated for 24 h to allow the synthesis of proteins. An equivalent amount of injected or uninjected oocytes was harvested for subsequent studies.
Immunoprecipitation and Western blotting analysis. Cells were washed once with PBS and lysed in ice cold immunoprecipitation assay buffer (50 mM TrisHCl [pH 7.4], 1% NP-40, 0.25% sodium deoxycholate, 150 mM NaCl, 1 mM EDTA, and 1ϫ protease inhibitor cocktail) for 30 min, and the debris was cleared by centrifugation at 13,400 ϫ g for 10 min at 4°C. The in vitro translated proteins or lysate was incubated with 0.5 g of desired antibodies overnight at 4°C. After incubation with 40 l of protein A/G-agarose for 1 h, the immune complexes were collected and washed extensively with immunoprecipitation assay buffer. For Western blot analysis, the samples were resolved by SDS-7% polyacrylamide gel electrophoresis and transferred to nitrocellulose membranes (Bio-Rad, Hercules, Calif.). The primary antibodies were diluted in blocking buffer (50 mM Tris-HCl, 150 mM NaCl [pH 7.5], 0.1% Tween 20, 5% skim milk) and added to the membranes for overnight rotation at 4°C. The membrane was washed four times in 1ϫ PBS (Gibco BRL) and incubated with the appropriate horseradish peroxidase-conjugated secondary antibodies for 1 h at room temperature. All blots were visualized with SuperSignal West Pico chemiluminescent substrate (Pierce, Rockford, Ill.).
RNA preparation and RT-PCR. Total RNA was extracted with TRI reagent (Molecular Research Center, Inc., Cincinnati, Ohio) following the manufacturer's instruction. The reverse transcriptase (RT)-PCR analysis was performed with the Access RT-PCR system (Promega, Madison, Wis.). The primers for the CAT reporter gene were as follows: forward, 5Ј-GTG AGC TGG TGA TAT GGG ATA GTG TT-3Ј; reverse, 5Ј-CAT ATT GGC CAC GTT TAA ATC AAA A-3Ј. The PCR conditions were the same as described in the previous section except that 24 cycles of reaction were carried out.
CAT assay. The reporter activity of MMTV-CAT was quantitatively measured by enzyme-linked immunosorbent assay. In accordance with the instructions with the CAT enzyme-linked immunosorbent assay kit (Roche), diluted cell lysates 3764 LI ET AL. MOL. CELL. BIOL.
were added to the anti-CAT-coated microtiter plates and incubated at 37°C for 1 h. After extensive washes, incubation of digoxigenin-conjugated anti-CAT was followed by anti-digoxigenin-peroxidase and substrate. The photometric detection was carried out with a microtiter plate reader at 405 nm with a reference 
RESULTS
Selection of assay system. To address whether coactivators could be preferentially recruited by different steroid receptors, we chose the MMTV promoter as a template for the analysis of coactivator assembly. The MMTV promoter has previously been used as an in vivo model for studying the role of chromatin structure in transcription (10, 44) . A cell line with a stably integrated MMTV-reporter construct is an appropriate system in which the utilization of cofactors on a single promoter in response to two different steroid hormones could be compared without the complication of cell background differences. To test if the T47D/CAT0 cell line containing the stably integrated MMTV-CAT was suitable for our study, RT-PCR was performed using primers specific for the CAT gene (Fig.  1A) to measure CAT mRNA expression after steroid hormone treatment. At a 10 nM concentration, both progesterone and dexamethasone significantly increased CAT mRNA levels (3.6-and 3.8-fold, respectively) after a 3-h treatment (Fig. 1B) . More-than-10-fold increases in CAT enzyme activity were observed when cells were treated with either hormone for 24 h (data not shown and Fig. 5 ), indicating that either ligand can promote transcription from the MMTV promoter. To ensure that PR or GR was specifically responsible for the elevated transcriptional activity of the MMTV promoter, ChIP was performed with specific antibodies against PR, GR, and AR (androgen receptor) 1 h after steroid treatment. To ensure the quality of the ChIP analysis, we evaluated the sensitivity of the PCR amplification on serial dilutions of total DNA collected after sonication (input DNA) with specific primers. The results indicated that the signal is proportional to the amount of input DNA within 100 ng of DNA up to 31 cycles (date not shown). The DNA precipitated with antibodies against PR, GR, and AR was amplified by PCR using primers that were targeted to the region containing the HRE in the MMTV promoter (Fig.  1A) . Antibodies directed against PR or GR sufficiently precipitated the HRE region of the MMTV only when progesterone or dexamethasone, respectively, was present (Fig. 1C) . However, PR or GR was not recruited in the presence of dexamethasone or progesterone, respectively. Nor were they recruited after stimulation with R1881, a synthetic AR ligand. Similarly, AR, which bound to the same HRE on the MMTV in the presence of R1881, did not associate with the promoter (Fig. 1C) . Importantly, PCR analysis performed in the same reaction did not detect any significant changes in PR, GR, or AR occupancy of a region encoding part of the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) cDNA (Fig. 1C) . This result indicated that recruitment of PR or GR to the MMTV-CAT gene was hormone specific. Furthermore, significant amounts of PR or GR were observed in this T47D cell line (Fig. 1D) , consistent with the results of gene activation and nuclear receptor recruitment (Fig. 1B and C) . Taken together, the T47D/CAT0 cell satisfied our requirements for further studies.
Steroid receptor preference for coactivators. To explore the recruitment of SRC-1 family coactivators to the MMTV promoter in vivo, PR-or GR-mediated assembly of SRC coactivators was compared by using ChIP assays. As expected, selective recruitment of PR or GR was observed only when progesterone or dexamethasone was present (Fig. 1C and 2A) . Interestingly, progesterone treatment resulted in a dramatic increase in the occupancy of SRC-1 on the MMTV promoter; dexamethasone failed to do so. In contrast, treatment with dexamethasone induced significant occupancy of the same promoter by SRC-2 ( Fig. 2A) . Similar studies detected recruitment of SRC-3 on the promoter after either progesterone or dexamethasone stimulation (Fig. 2A) . The simultaneous recruitment of PR/SRC-1 and GR/SRC-2 on the MMTV promoter were detected as early as 15 min after hormone stimulation and were persistent during a time course of 160 min (data not shown). We did not observe clear cycling patterns of receptor or cofactors on the MMTV promoter in this particular cell line. These studies indicate that activated PR prefers SRC-1 recruitment while liganded GR preferentially recruits SRC-2 on the MMTV promoter; both also appear to recruit SRC-3.
Considering the high homology among members of the SRC family, one obvious uncertainty is the specificity of the antibodies used in the ChIP studies. To rule out the potential cross-reaction among these antibodies, in vitro-translated SRC proteins (Fig. 2B, left panel) or cell extracts (Fig. 2B, right  panel) containing endogenous SRCs were immunoprecipitated by SRC antibodies. Triplicate blots containing precipitated SRC proteins resolved by SDS-polyacrylamide gel electrophoresis were probed with antibodies directed against SRC-1, SRC-2, or SRC-3. Antibody specificities were clearly demonstrated by these studies. Furthermore, PR, GR, and SRC antibodies were tested for immunoprecipitation under ChIP conditions followed by Western blotting (data not shown). These control experiments verified our observation of coactivator specificity for different NRs at the same promoter.
To confirm the expression of SRCs in T47D cells and to understand whether the preferential recruitment of SRC-1 and SRC-2 by activated NR is a consequence of dramatically different levels of these proteins, we estimated endogenous SRC levels by comparison with Flag-tagged SRC proteins expressed in Xenopus oocytes. Serial dilutions of equivalent amounts of Flag-tagged SRC-1, -2, and -3 normalized according to Western blotting with anti-Flag antibody were probed with individual SRC antibodies to provide references for the estimation of SRC antibody efficiency (Fig. 2C) . Western blotting analyses of endogenous SRC proteins were performed simultaneously with the reference Flag-tagged SRC proteins. The normalized results shown in Fig. 2C demonstrated that SRC-2 and SRC-1 levels were 89.5 and 52.6% of that of SRC-3, respectively. These results suggest that endogenous SRC-1, -2, and -3 levels are comparable. It seems highly unlikely that the slight differences between SRC-1 and SRC-2 levels could contribute to NR selectivity.
Differential assembly of HATs mediated by disparate receptor-SRC interactions. Multiple components of transcription coactivator complexes are important for transcriptional activation mediated by nuclear receptors (32, 37, 41) . However, the composition of coactivator complexes in each NR signaling may not be the same due to relative affinity between the receptor and cofactors, competition between cofactors or coactivator complexes for common interaction motifs (47), or cellspecific cofactor levels (40) . Having demonstrated a distinct pattern of SRC coactivator recruitment by two different NRs, we then examined the outcome of this differential utilization of SRCs on the recruitment of other coregulators. In a proof-ofprinciple experiment, we compared PR-and GR-mediated recruitment of additional coactivators on the MMTV promoter by using antibodies against several HATs (CBP, p300, and pCAF), TRAP220 (an important component of mediator complex), and BRG-1. Remarkably, CBP was significantly recruited in the presence of progesterone while minimally recruited by dexamethasone (Fig. 3) . The observation that PR, SRC-1, and CBP were recruited concomitantly to the promoter coincides with a report where a large multicomponent complex was identified in T47D cells, the members of which include PR, SRC-1, and CBP (50). To our surprise, pCAF appeared to be recruited to the MMTV promoter in the presence of dexamethasone but not in the presence of progesterone. There were no significant differences between PR-and GR-mediated recruitment of TRAP220, polymerase II (Fig.  3) , and BRG-1 (data not shown). However, p300 was recruited in response to stimulation with both steroids, but slightly higher levels of occupancy were repeatedly observed after dexamethasone induction. Furthermore, SRCs and HAT cofactors were recruited to the MMTV promoter within a similar time frame (data not shown). Based on the data in Fig. 2 and  3 , it seems that PR, SRC-1, SRC-3, and CBP are major components in progesterone-dependent transcription, while GR, SRC-2, SRC-3, and pCAF constitute complexes for dexamethasone induction on the MMTV promoter. Thus, hormone stimulations of different NRs induce differential coactivator utilization within the same MMTV promoter context, and a different subset of HATs are recruited in each case for transcriptional activation, endowing potential downstream specificity to different ligand signals.
Diverse histone modification pattern in different NR-signaling pathways. Histone modification has been shown to affect chromatin remodeling and correlates with promoter activation (17) . In particular, acetylation of selective lysine residues by specific HATs has been linked to transcription (22) . The preferential recruitment of HAT activities by PR or GR led us to ask whether a distinct pattern of histone acetylation on the MMTV promoter could be generated. ChIP experiments were performed using antibodies against site-specific histone modifications. Distinct patterns of histone modification were noticed after 1 h of hormone treatment. Strikingly, the MMTV promoter-associated histone H4 underwent significant acetylation at lysine 5, a known target site for CBP (20) , only with progesterone stimulation (Fig. 4) . Acetylation at lysine 8 ( previously that pCAF catalyzes selective acetylation of lysine 14 of histone H3 in both free histones and nucleosomes (39) . Since phosphorylation of serine 10 or methylation at lysine 9 are functionally linked to acetylation at lysine 14 (17, 30) , we further examined modification of serine 10 and lysine 9. Intriguingly, significant phosphorylation of serine 10 and hypomethylation of lysine 9 in histone H3 were associated with the acetylation at lysine 14 after dexamethasone stimulation, representing an active or accessible state of the chromatin. In contrast, progesterone did not induce significant changes at serine 10, lysine 9, and lysine 14 modifications (Fig. 4) . Methylation at arginine 17 in histone H3 increased similarly in the presence of either progesterone or dexamethasone (data not shown). These findings suggest that the differential recruitment of coactivators by PR and GR results in distinct downstream patterns of histone modification on the MMTV promoter. Modulation of PR and GR activities by loss of coactivator function. Given that the major SRC proteins recruited to the MMTV promoter were SRC-1 and SRC-3 for PR and SRC-2 and SRC-3 for the GR pathway, we sought to further substantiate that SRC proteins indeed contribute to the PR-or GRmediated MMTV-CAT activity patterns in the T47D cells. To achieve this, we used an RNA interference approach (12) to eliminate the expression of SRC-1 or SRC-2 alone or in combination with SRC-3. The results in Fig. 5A demonstrated the efficiency and specificity of siRNA in T47D cells. Corresponding siRNA resulted in a reduction of 80 to 90% in levels of endogenous SRC proteins. Specific siRNAs had no cross-reactivity with other SRC counterparts. As a control, siRNA directed against luciferase had no effect on any of the SRC proteins (data not shown). To analyze CAT activity, the cells were transfected with siRNA for 2 days and then treated with the indicated hormones for 24 h. Reduction of SRC-1 levels in T47D cells reduced progesterone-stimulated activity by 31%, while siSRC-2 had only slight effect (Fig. 5B, lanes 3 [P Ͻ 0.01] and 4 [P ϭ 0.1], compared to the control level in lane 2). Simultaneous knockdown of SRC-1 and SRC-3 resulted in a further reduction of PR-dependent transactivation (Fig. 5B,  lane 5) , while a combination of SRC-2 and SRC-3 siRNA had a greatly reduced effect (Fig. 5B, lane 6) . In contrast, decreas- . Interfering with both SRC-2 and SRC-3 expression together (Fig. 5B, lane 11) , but not SRC-1 and SRC-3 together (Fig. 5B, lane 10) , further restricted GR-mediated activation. A reduction of SRC-3 alone had only a minimal effect on PR-or GR-mediated CAT expression (data not shown). These data are consistent with our ChIP analysis, which shows that SRC-1 recruitment was preferred by PR and that SRC-2 was preferred by GR. Taken together, our results indicate that SRC-1, in combination with other coregulators, plays an important role in progesteronemediated gene transcription, while SRC-2 is required for full glucocorticoid-stimulated activation of the MMTV promoter in T47D cells. Transcription signal cascades determined by specific SRC-NR interactions. We next wished to determine whether the differential recruitment of CBP versus pCAF by PR versus GR and distinct patterns of histone modification are the downstream effect of differential recruitment of SRC-1 or SRC-2. Therefore, we performed RNA interference of SRCs followed by ChIP to examine the potential changes that knockdown of either coactivator would produce. To eliminate the nonspecific effects of transfection reagent on cell growth, the control groups ( Fig. 6A and B) were treated with siRNA against luciferase, which is absent in the T47D/CAT0 cells. Reduction of SRC-1, -2, or -3 levels in T47D cells by siRNA appeared to eliminate the recruitment of these coactivators to the MMTV promoter (Fig. 6A ), while these siRNA had no effect on PR or GR recruitment (Fig. 6B) , confirming the expected specificity of individual siRNA. The recruitment of CBP and acetylation of histone H4 lysine 5 with progesterone stimulation decreased significantly in the absence of SRC-1 and were even further decreased when both SRC-1 and SRC-3 were reduced by RNA interference (Fig. 6B) . As expected, recruitment of CBP and acetylation at lysine 5 of histone H4 were not affected by the reduction of the SRC-2 level and were only marginally reduced by loss of both SRC-2 and SRC-3. In contrast, reduction of pCAF recruitment and acetylation of lysine 14 on histone H3 after dexamethasone treatment were associated with reduction of SRC-2 expression and were further decreased by reducing both SRC-2 and SRC-3. In controls, reduction of SRC-1 had little effect on either pCAF recruitment or acetylation of histone H3 at lysine 14. When both SRC-1 and SRC-3 expression were inhibited, reduction of pCAF recruitment was not proportional to the decrease in acetylation at lysine 14 on histone H3, indicating involvement of another HAT, possibly GCN5. GCN5 has been shown to acetylate lysine 14 of histone H3 as well. These observations suggest that initial NR-SRC interactions influence the way by which transcription signal is transmitted. Our results also substantiated an order of sequential recruitment: PR/GR to SRCs to other HATs, in agreement with previous reports (29, 42) .
DISCUSSION
Steroid receptors exhibit ligand-dependent interactions with multiple coactivators. However, the mechanisms for in vivo assembly of multiple coactivator components and coactivator specificity remain obscure. In this study, we show that SRCs are differentially utilized by NRs on the MMTV promoter, and more importantly, the preferential recruitment of SRCs by steroid receptors contributes to the determination of downstream events in NR-mediated transcription. The data suggest that members of the SRC family play an important and specific role in the construction of downstream events at target promoters and do not serve as functionally redundant platform proteins in the transcription processes.
Although SRC-1 and SRC-2 have been reported to interact with both PR and GR in overexpression transfection experiments (11, 14, 19, 32, 45) , several indirect lines of evidence have suggested the existence of coactivator preferences. First, on the basis of chromatography and coimmunoprecipitation approaches, a large multicomponent complex containing PR, SRC-1, and CBP was identified in T47D cells (50) . Second, in an attempt to isolate steady-state coregulator complexes, both SRC-1 and SRC-2 were identified in a preformed complex. However, upon progesterone induction, more SRC-1 than SRC-2 appeared to comigrate with PR (33) . Third, an SRC-1 mutant devoid of activation domains but containing HAT and receptor interaction domains displayed a strong dominant-negative repressor activity for certain nuclear receptors (18, 36) , but the dominant-negative activity of this mutant SRC-1 is less for GR (14) . Finally, a preferential interaction between GR and SRC-2 has been suggested in several studies (9, 14, 16, 25, 48) . In this study, we have provided in vivo evidence that PR prefers SRC-1 and GR prefers SRC-2 on MMTV promoter. Our data substantiate the observations mentioned above. Furthermore, our results suggest a potential mechanism by which different NRs mediate transcription signaling by preferential recruitment of a subset of cofactors.
The molecular details of PR and GR preferences for different coactivators in vivo are not clear. One possibility is NR box binding specificity, as suggested above. A small region of SRC-2 (amino acids 730 to 1121) retains steroid receptor binding, transactivation, and coactivator activities. However, this region of SRC-2 exhibits relatively low homology with SRC-1 (16), suggesting a potential molecular basis for functional differences between SRC-1 and SRC-2. In addition, allosteric effects upon DNA binding may trigger different receptor conformations (26, 51) , which in turn could be a determinant for the binding of coactivators. In an effort to determine whether or not the coactivator preferences are observed in solution or evolve only on the MMTV promoter, we have performed coimmunoprecipitation studies of PR and GR with SRCs in the presence or absence of ligands. Since only GR/SRC-2 interaction was observed in solution (data not shown), it is possible that allosteric regulation of coactivator interactions on the MMTV promoter may influence the PR/SRC-1 preference. FIG. 6 . Effects of SRC silencing on cofactor recruitment and histone modification. (A) Reduction of SRC-1, -2, and -3 specifically eliminated recruitment of these proteins on the MMTV promoter. (B) The recruitment of receptors or HATs or acetylation of selective histone residues on the MMTV promoter was monitored by ChIP assays after a 1-h hormone treatment following RNA silencing of the indicated SRCs, as described in the legends to Fig. 2A, 3 , and 4. Relative changes of PCR products were calculated based on the quantitated results from original images. Normalization was performed against GAPDH first and then against the adjusted input, followed by normalization against the untreated sample (Ϫ) that was arbitrarily set to 1.
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Importantly, we have observed differential recruitment of CBP and pCAF on the MMTV promoter in response to progesterone or dexamethasone stimulation, whereas p300 is recruited in both cases. The differential recruitment of CBP or pCAF appears to correlate with the preferential targeting by SRC-1 or SRC-2. Although the function of SRC coactivators' recruitment of CBP/p300 is well documented, such specificity has not been shown before. Only specificity of HAT requirement for different transcription factors has been indicated in previous studies. For example, inactivation of the HAT domains of CBP has no influence on the coactivation of RAR. On the other hand, CREB (CRE-binding protein) function needs CBP-HAT activity and not P/CAF-HAT activity (21) . Although SRC-1 has been shown to interact with p300, CBP, and pCAF (18, 19, 43, 45) , only the recruitment of CBP/p300 was clearly observed upon progesterone treatment. It is interesting that pCAF associates with the GR/SRC-2 complex specifically in the presence of dexamethasone. The ability of pCAF to mediate GR function was recently tested by examining the effects of cotransfected pCAF on GR transactivation properties (14) . The requirement of pCAF in RAR-mediated activation was also established (21) . We show here that SRC-2 is required for pCAF recruitment, either directly or through an interaction with p300, as reduction of SRC-2 by RNA interference limited the recruitment of pCAF (Fig. 6) . It is unlikely that CBP/p300 interacts directly with GR/PR (19) , since reports from different groups reveal little or no direct binding to these receptors (7, 43) .
The state of chromatin modification has long been recognized to influence gene expression. Our results indicate that differentially assembled coactivator complexes lead to specific patterns of targeted histone modification. The acetylation of specific lysine residues on histone H3 or H4 was correlated with the recruitment of distinct HAT activity that could be altered by knockdown of either SRC-1 or SRC-2 (Fig. 6 ). To date, the manner by which different HATs discriminate lysines in vivo is not fully understood. CBP and p300 have been shown to acetylate histone H4 at lysine 5, 8, 12, and 16 in vitro (20) . However, we have observed significant acetylation of lysine 5 and 8 on histone H4 by CBP/p300 only after progesterone stimulation. This suggests that the actual target of p300/CBP acetylation could be redirected in a different context. It may also reflect the diversity of histone modification in vivo, since acetylation at lysine 12 on histone H4 was considered to be an inactivating modification in certain cellular contexts (17) . The acetylation of K14 on histone H3 after dexamethasone induction is consistent with the recruitment of pCAF (39) . However, GCN5, which bears homology to human pCAF, also displays a preference for K14 of histone H3. It is possible that GCN5 also could be recruited to the MMTV promoter after GR recruitment, as demonstrated for pCAF. Histone modification associated with acetylation of K14 (phosphorylation of serine 10 and hypomethylation of lysine 9) is consistent with the histone code pattern observed by others (17) . Histone H3 phosphorylation at Ser10 has recently been elucidated as a novel regulatory mechanism involving histone kinases such as Rsk-2 and Msk-1 (8) . These histone codes and the recently reported in vitro binding of a HAT bromodomain with acetylated lysines within H3 and H4 peptides have been implicated in a targeting step for events following histone modification.
In addition to coactivator specificities, our studies also suggest that SRC-3 is utilized similarly by either receptor. Elimination of SRC-3 along with either SRC-1 or SRC-2 resulted in a further reduction of PR-or GR-mediated CAT expression compared to knockdown of SRC-1 or SRC-2 alone. This suggests a role for SRC-3 in both pathways. ChIP assays indicate that SRC-3 also contributes to the recruitment of HAT and histone modification by SRC-1 or SRC-2. In addition, SRC-2 knockdown has a slight but reproducible influence on PRmediated CAT expression (Fig. 6 ), indicating that it plays a minor role in PR function. However, such a contribution involving a limited amount of SRC-2 recruitment was not de- FIG. 7 . Models of stepwise events in NR signaling. Progesterone activation signal is transmitted from PR recruitment of SRC-1/SRC-3, which further recruits CBP along with other coactivators (not included in the diagram) to induce specific histone modification, including acetylation at lysine 5 of histone H4. The cascade originating from dexamethasone induction is conveyed through GR's interaction with SRC-2 and SRC-3, which dictates recruitment of pCAF and other cofactors with various enzyme activities, leading to specific posttranslational modification of histone H3. 6 ) could be explained by recruitment of SRC-3 and a small amount of SRC-2 to the MMTV promoter or to SRC coactivator-independent activation. Our observations are consistent with previous reports, which demonstrate the redundant functions of SRCs (38, 49) . Finally, we have revealed the roles of SRCs in mediating transcription signal cascades by RNA interference. Our suggestion that SRC-1 could be important in the progesterone pathway has been supported by the study of SRC-1 knockout mice in our lab (49) . Therefore, we propose a model in which preferential SRC family coactivator-steroid receptor interactions influence differential recruitment of downstream components by each receptor (Fig. 7) . Progesterone signaling is transduced from PR/SRC-1/CBP along with other coactivators to induce specific histone modification, including acetylation at lysine 5 of histone H4 on the MMTV promoter. The cascade originating from dexamethasone induction is conveyed primarily through a complex containing GR/SRC-2/pCAF and leads to specific posttranslational modification on histone H3. Our study provides conceptual proof of principle for a mechanism by which coactivator preferences for nuclear receptors can regulate the fates of downstream events in transcription signaling.
